Abstract. The disadvantage of BaBiO 3 of not being a topological insulator despite having symmetry protected Dirac state is overcome by shifting the Fermi level (E F ) via fluorination. The DFT calculations reveal that the fluorination neither affects the spin-orbit coupling nor the parity of the states, but it acts as a perfect electron donor to shift the E F . We find that 33 % fluorination is sufficient to shift the E F by ∼ 2 eV so that the invariant Dirac state lies on it to make BaBiO 2 F a topological insulator. The fluorinated cubic compound can be experimentally synthesized as the phonon studies predict dynamical stability above ∼ 500 K. Furthermore, the Dirac states are found to be invariant against the low-temperature phase lattice distortion which makes the structure monoclinic. The results carry practical significance as they open up the possibility of converting the family of superconducting oxides, ABiO 3 (A = Na, K, Cs, Ba, Sr, Ca), to real topological insulator through appropriate fluorination.
Introduction
Band topology, one of the highly active research area in materials science and physical chemistry for the last one decade, has given rise to the novel exotic concept of topological insulator (TI) [1, 2, 3, 4, 5, 6, 7, 8, 9] . The TI compounds with an insulating interior and conducting exterior [1, 4] , and determined through Z 2 invariance[10], are promising for next generation spin based device applications such as spintronics and quantum information and quantum computing [11, 12] . The spin-orbit coupling (SOC) driven complex band structure of these compounds, is a great recipe to realize high thermoelectric efficiency [13] . The conducting exterior of the TIs exhibit topologically invariant Dirac cones (TIDC), where linearly dispersing valence band (VB) and conduction band (CB) touch each other at the Fermi level (E F ) and are protected by time reversal symmetry.
While the widely investigated topological insulators, namely selenides, tellurides [14, 15, 16] and Heusler [7, 17] alloys, have demonstrated interesting physical concepts, the narrow band gap (∼ 0.3eV) hinders their application prospects [18, 19] and hence search for wide band gap TIs is highly desirable. In addition, from the research point of view, wide-band gap 3D systems exhibiting high resistance are useful to experimentally reveal the TI properties, as the surface and bulk states can be easily distinguished [20] . In this context, covalent bonding driven large band gap oxides should be of great interest. However, due to negligible contribution towards SOC by the oxygen states, many of the oxides fail to exhibit the TI behavior.
There are very few oxides, such as Bi based double perovskites A 2 BiXO 6 , where A is a group-II element and X is either Br and I and single perovskites ABiO 3 with A being a group-I and II element, B being a group-V and VI heavy element which exhibit topologically protected surface Dirac states in their equilibrium structure [21, 18, 22, 23] . Since the compounds Ba 1−x K x BiO 3 are superconductors (T C ∼ 30K [24] ), it is suggested that both the superconducting behavior and the topologically invariant surface states [22] can together be exploited to realize Majorona Fermion in these matrials [25] . The perovskites also carry significance, as their layered geometry facilitates to construct heterostructures so that the competition between the topological phase and various orders can be examined to explore novel interfacial states [26, 27] . However, the major disadvantage of ABiO 3 is that the bulk band gap (∼ 0.7 eV) within which the surface TIDC appears, lies away from the Fermi level (E F ). The separation between TIDC and E F is in the range 2 to 5 eV [23] . Hence, for all practical purposes, these compounds are not TI, unless the E F is shifted to the TIDC. The shifting of E F is usually achieved through certain mechanism like thermal excitation, electrical gating or chemical doping. While thermal excitation can hardly shift the E F by few meV, the electrical gating can push it to a maximum of 1 eV [28] . Therefore, chemical substitution remains the only viable option though it can distort the lattice to lower the symmetry and thereby to affect the parity of the states which determine Z 2 invariance. In ABiO 3 , while O and A have fixed charge states, 2 − , 1 + /2 + respectively, Bi is multivalent and show ambiguous (flexible) charge states [23] . Hence, the chemical doping is preferable either at the A site or at the anion site so that the charge neutrality is maintained.
In this work, with the objective of realizing the TIDC at E F through the substitution, we have examined the electronic structure of BaBiO 3 as a prototype. In order to achieve the electron doping, we replace O by F. Fluorine is a preferable substituent as studies on other oxides suggest that it maintains the thermodynamical stability while replacing the oxygen. For example, F is substituted for O to achieve electron doping in the iron based superconductor, LaO 0.5 F 0.5 BiS 2 (x= 0.5) [29, 30] , LaO 1−x F x FeAs (x= 0.05 − 0.12) [31] . Similarly, experimental reports suggest the formation of La 1−x Sr x FeO 3−x F x (x=1, 0.8, 0.5, 0.2) [32] . Furthermore, it has been found that perovskites BaFeO 2 F [33, 34] and SrFeO 2 F [35, 36] can be experimentally synthesized. In these perovskites, one out of three Oxygens are replaced with Fluorine.
The compound BaBiO 3 undergoes a structural transition from cubic to rhombohedral to monoclinic phase with decrease in the temperature [37] and the earlier studies suggest that the TIDC states are protected against these structural transitions [18] . Therefore, as the high-symmetry configurations are computationally less expensive, in this work we deal with the high temperature(750 K-800 K) cubic phase of BaBiO 3 [38, 39] . The crystal structure, the slab geometry and their corresponding Brillouin zones (BZ) are shown in Fig. 1 .
To examine the band topology of the pure and fluorinated compounds, density functional calculations are carried out using the full potential linearized plane wave (FP-LAPW) formalism [40] as implemented in WIEN2k simulation package [41] . Augmented plane waves in the interstitial and localised orbitals within the muffin-tin sphere are used to construct the basis sets. To account for exchange and correlation effect generalized gradient approximation (GGA) [42] along with the modified Becke-Johnson (mBJ) correction [43] is considered. For the the BZ integration, 10 × 10 × 10 k-mesh, is used to study the bulk electronic properties. Proportionate k-mesh is considered for slab calculation. The largest vector in the plane wave expansion is obtained by setting RK max = 7.0. For the fluorinated compound BaBiO 2 F, the GGA optimized lattice parameter of 4.60Å, which is 0.25Å more than that of the pristine BaBiO 3 , is used for the calculations.
The slabs, considered for the calculations, are of 15 units thick and grown along [001] . A vacuum of 15Å thick separates the consecutive slabs. Both top and bottom surfaces are taken to be Ba terminated (i.e. either BaF or BaO) as earlier studies have established the formation of TIDC with the Ba termination [18] . The schematic representative of the slabs are shown in Fig. 1(b) , (c). The surface band structure is calculated along the high-symmetry path of the surface BZ which is basically a projection of the bulk BZ in the k x -k y plane (see Fig. 1(e) ). [23] responsible for the formation of these bands is shown in the inset. For the pure compound, while the s-p band inversion occurs without SOC, the gap appearing at ∼ 2 eV above E F is SOC driven. For the fluorinated compound, both band inversion and band gap opening are SOC driven. Here, F provides the extra electron to shift the band gap to E F .
The band structure and hence the transport properties of the pervoskites ABX 3 with X being a halogen or oxygen can be determined through the valence electron count (VEC) [44] , i.e. the number of valence electrons per formula unit. The molecular orbital picture, drawn based on the DFT obtained band structure (Fig. 2a) , suggests that if the VEC is 20, the bulk compound is a semimetal or semiconductor [44] . Depending on the strength of spin-orbit coupling (SOC) and thereby the s-p band inversion, these semimetals/semiconductors give rise to the formation of TIDC at the surface boundary [23] . If the VEC differs from 20, the system is a metal and ceases to exhibit the TI phase.
The contrasting transport properties of ABX 3 , i.e. semimetal/semiconductor . 2a) . With VEC equals 20, the singlet state is completely occupied to form the band gap at E F [44] . For BaBiO 3 , the VEC is 19 and hence the the singlet state is partially occupied to produce the (zero) band gap approximately 2 eV above E F (see Fig. 2a ). The spin-orbit coupling amplifies the band gap (see Fig. 2b ) within which time reversal symmetry protected Dirac states appear [23] . Fluorine with one additional valence electron compared to oxygen acts as a perfect electron donor. For BaBiO 2 F, the VEC is 20 and therefore, the band gap appears at E F (Fig. 2d) . Furthermore, the F-p states dominate the valence band spectrum in the range -6 to -10 eV w.r.t. E F . We may note that the family of ABiO 3 exhibits multiple Dirac states [23] , one in the valence band spectrum (around 7 eV below E F ), formed by the bonding Bi-{s,p}-O-p states, and other in the conduction band spectrum (around 2eV above E F ) formed by the antibonding states. With substitution of fluorine, the F-p states dominate the bonding states (see Fig. 2c ) instead of the Bi-p states. Therefore, the s-p band inversion does not occur (see Fig. 2d ) and hence the TIDC is not formed in the valence band. On the other hand, the antibonding spectrum is unperturbed by the F-p states and hence neither the s-p band inversion nor the SOC driven band gap is affected by the fluorination as can be observed from Fig. 2d . Hence, it is expected that the TIDC will form in the antibonding spectrum.
Shifting of
To verify the formation of TIDC for the pristine and fluorinated compounds, the surface states are calculated using Wannier formalism. First, the maximally localized Figure 4 : The DFT+SOC simulated ARPES spectra (LDOS (κ, E)) of (001) surface for both BaBiO 3 and BaBiO 2 F. E F is set to zero. The surface states are calculated using Wannier formalism for BaBiO 3 (a, b), BaBiO 2 F with BaF termination (c, d) and BaBiO 2 F with BaO termination (e, f). The box highlights the formation of TIDC. With doping the E F shifts to the TIDC irrespective of the surface termination.
Wannier functions (MLWF) as well as the strength of the hopping integral between these functions, are obtained from the bulk DFT calculations using Wannier90 [45] . Taking MLWF as the elements of the basis, a tight-binding (TB) model was employed on a slab structure to calculate the surface Green's function through an iterative method [46, 47] as implemented in WannierTools package [48] . The appropriateness of the basis can be confirmed from the fact that the TB band structure has an excellent agreement with the full band structure obtained with DFT as can observed from Fig. 3 . The imaginary part of the surface Green's function is the local density of state LDOS(k, E).
For the pristine and oxyfluoride [001] slabs (Fig. 1) , the LDOS(k, E) are plotted in Fig. 4 . The colour gradient is a measure of LDOS. Deep red and purple correspond to highest and lowest LDOS respectively. The faded green color reflects the bulk band structure. As expected for the pristine system, the TIDC appears at ∼ 2 eV above E F and ∼ -7 eV below E F (see Fig. 4(a) and (b) ). With fluorination, the TIDC appears at E F irrespective of whether F replaces O from the BaO plane (Fig. 4c) or from the BiO 2 plane (Fig. 4e) with respect to the growth direction (see Fig. 1-b and c) . However, unlike the pristine compound, the TIDC does not form in the valence band spectrum for the fluorinated systems as can be seen from the Fig. 4(d) and Fig. 4(f) . It is due to the absence of s-p band inversion as discussed in the bulk band structure. For further confirmation, we calculated the full band structure of a 15 units cell thick BaBiO 2 F slab using DFT, which is shown in Fig. 5 , and observed that the TIDC, which is marked by the red circle, is formed very close to E F .
While the electronic structure of BaBiO 2 F satisfies the necessary and sufficient criteria to form the TIDC near E F , the structural stability of such a system needs to be examined for its practical realization. The pristine BaBiO 3 exists in the cubic phase when the temperature is beyond ∼ 750 K. [39] Keeping this in mind, we have examined the structural stability of the doped system in the temperature range 500 to 700K using the following two step process. In the first step, ab-initio molecular dynamics (AIMD) simulations were performed on a 2 × 2 × 2 supercell using VASP package [49, 50] . The PBE-GGA exchange-correlation functional was used and the plane wave cutoff energy was set to 500 eV. The system was equilibriated at different Figure 6 : Temperature dependent phonon spectra of BaBiO 2 F. The thermodynamical stability of the high temperature cubic phase is ascertained as the negative frequencies are absent for T > 500 K.
temperatures (NVT) using velocity scaling method for 1.0 ps with a time step of 0.5 fs followed by 0.5 ps -long production run for collecting the atomic displacement and force datasets. In the second step ALAMODE [51] package was used to get the harmonic and interatomic force constants (IFCs). The phonon band dispersion were obtained by solving the dynamical matrix for the given wave vectors. The phonon dispersion curves for different temperatures are shown Fig. 6 . The soft modes (negative frequencies) are observed when the temperature decreases below 500 K. Therefore, the cubic phase of these compounds exhibit dynamical stability for temperature greater than 500 K. By lowering the temperature, the soft modes introduce structural distortion.
The stability of the oxyfluoride is further quantified by calculating the formation and cohesive energies. They are estimated using the following expressions.
Where E BaBiO 3−x Fx , E BaBiO 3 are total energy in their ground state. E F 2 and E O 2 are estimated by keeping respective molecules in a very large cubic box (size = 15Å). While the E F orm is found to be − 0.69 eV, the E Coh is found to be -2.45 eV/atom. The negative values indicates that the oxyfluoride can be synthesized independently or via Experimentally a series of structural transitions are observed in BaBiO 3 . [52] The high temperature cubic phase yields to rhombohedral phase at 750K and at 405K the monoclinic structure (C2/m) forms the ground state . When the temperature goes below 104K, the compound stabilizes with the primitive monoclinic structure with (P2 1 /c).
The room temperature monoclinic phase (see Fig. 7(a) ) is obtained from the simultaneous occurring of the breathing and tilting distortions of the octahedra. Interestingly, the earlier reported band structure calculations suggests that the TI Dirac state is protected against such distortions [18] . The present work reconfirms the protection of the TI states as the bulk band structure for the monoclinic structure demonstrates s-p band inversion (see Fig. 7(d) ) and the surface ARPES spectra demonstrates the formation of TI Dirac states (Fig. 7(e) ). Anticipating a similar structural transition as in the pure compound, it is prudent to examine robustness of the TI state in the fluorinated system in the monoclinic (C2/m) phase.
The bulk band structure of monoclinic BaBiO 2 F is shown in Fig. 7(f) . Like the pure compound (see Fig. 7(d)) , the s-p band inversion is observed at Γ, but now at the Fermi level. As mentioned earlier, it is due to the fact that the participatory bands are shifted below by approximately 2.5 eV due to extra electron through F substitution. The ARPES spectra in Fig. 7(g) shows that the s-p band inversion leads to the formation of surface TI Dirac state in the monoclinic structure.
To summarize, our electronic structure calculations show that fluorine acts as a perfect electron donor to shift the Fermi level of the oxide perovskite BaBiO 3 without affecting its symmetry protected surface Dirac states. For 33% fluorine substitution, the Dirac states lie exactly on the Fermi level to make the doped perovskite as a topological insulator. The thermodynamical stability of the fluorinated system beyond 500 K, as ascertained from phonon studies, suggests that the experimental realization of BaBiO 3 as topological insulator is possible through doping. Universal nature of the band structure of cubic oxide perovskites implies that the finding of this work can be easily extended to other members of ABiO 3 where A is a divalent group-II element. Furthermore, we reveal that the TI state remain invariant with respect to the structural distortion that leads to the low temperature phase monoclinic structure. 
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